The Wnt signaling pathway is tightly regulated by extracellular and intracellular modulators. Wise was isolated as a secreted protein capable of interacting with the Wnt co-receptor LRP6. Studies in Xenopus embryos revealed that Wise either enhances or inhibits the Wnt pathway depending on the cellular context. Here we show that the cellular localization of Wise has distinct effects on the Wnt pathway readout. While secreted Wise either synergizes or inhibits the Wnt signals depending on the partner ligand, ER-retained Wise consistently blocks the Wnt pathway. ER-retained Wise reduces LRP6 on the cell surface, making cells less susceptible to the Wnt signal. This study provides a cellular mechanism for the action of Wise and introduces the modulation of cellular susceptibility to Wnt signals as a novel mechanism of the regulation of the Wnt pathway.
Introduction
The Wnt signaling pathway is involved in a wide range of biological events such as cell proliferation, differentiation and carcinogenesis. The pathway comprises a large number of molecules, of which Wnt ligands, Frizzled receptors and coreceptors LRP5/6 are the primary components for the extracellular events. Upon activation of these receptors, cytoplasmic β-catenin is stabilized by intracellular signal transduction. β-catenin then associates with a transcription factor of the Tcf/Lef family, which drives expression of the Wnt target genes (He et al., 2004; Hurlstone and Clevers, 2002) .
Several families of molecules have been identified as regulators of the Wnt pathway. Among them, most of the secreted molecules inhibit the pathway by interfering with the ligand-receptor interaction. WIF and members of soluble Frizzled-related proteins (SFRPs/FrzB) bind Wnt ligands and prevent the Wnt-Frizzled interaction (Jones and Jomary, 2002; Kawano and Kypta, 2003) . Dkk1/2 bind the Wnt co-receptor LRP6 along with another transmembrane protein, Kremen, which leads to internalization of the complex into the cytoplasm thus blocking Wnt signals (Mao et al., 2002) . Shisa traps Frizzled in the endoplasmic reticulum (ER) preventing Frizzled from reaching the cell membrane (Yamamoto et al., 2005) . Other intracellular molecules such as Dishevelled, Axin, GSK3β and APC play roles in regulating the stability of β-catenin .
Wise, also called USAG-1 and Ectodin (Laurikkala et al., 2003; Simmons and Kennedy, 2002) , is categorized as a cystine-knot protein, a structure seen in other secreted molecules such as TGFβ-, DAN-, CCN-family members and Sclerostin (encoded by Sost) (Avsian- Kretchmer and Hsueh, 2004; Bork, 1993; Vitt et al., 2001) . Among these, Wise shows a relatively high homology with Sclerostin and moderate homology to DAN-and CCN-family members. Both Sclerostin and CTGF, a member of the CCN family, have been shown to interact with LRP5/6 and antagonize the Wnt/β-catenin pathway (Ellies et al., 2006; Li et al., 2005; Mercurio et al., 2004; Semenov et al., 2005) . Wise also interacts with LRP6, but is a new type of modulator that acts either positively or negatively on the Wnt pathway depending on the context (Itasaki et al., 2003 (Itasaki et al., 2003) . In vitro immunoprecipitation assays showed that Wise interacts with LRP6 and competes with Wnt8 (Itasaki et al., 2003) . However, the biological function of Wise on LRP6 is yet to be clarified. In this study, we analyzed the action of Wise at the cellular level to elucidate the mechanism of its dual function. We found in HEK293 cells that, after transfection, a considerable amount of Wise is retained in the ER as well as localizing in the Golgi apparatus. In Xenopus embryos, some of the phenotypes caused by Wise over-expression are mimicked by ER-retained Wise and not by the secreted form. Rescue of Wise morpholino injected embryos by different forms of Wise further supports the endogenous function of ER-retained Wise. Finally, we demonstrate that ER-retained Wise specifically causes reduction of LRP6 on the cell surface thus inhibiting Wnt signaling, providing a new mechanism of regulating the Wnt pathway by altering the cell susceptibility to Wnt ligands.
Materials and methods

Constructs
Chick Wise, chick Wnt1, mouse Wnt3a, Xenopus Dkk1, mouse Dkk3 GFP, human LRP6 and chick β-catenin cDNAs were subcloned in pCS2+. To make a Flag-tagged version of Wise, Flag sequence (DYKDDDDK) was put either at the C-terminus or adjacent to the putative signal sequence cleavage site (between the 22nd and 23rd amino acids). In either case, when compared with the wild type form of Wise, the Flag tag did not affect the pattern of subcellular localization. Dkk1 used in this study was Flag-tagged at the C-terminus (provided by Prof. C. Niehrs). N'Wise-Dkk1 consists of the first 45 amino acids of wild-type Wise, followed by the post-cleaved part of Dkk1, and a Flag tag at the C-terminus. For SecWise, the first 22 amino acids of chick Wise were replaced by a fusion of the first 26 amino acids of mouse Kremen2 and the Flag sequence (provided by Prof. C. Niehrs). For WiseKDEL and Dkk3KDEL, the KDEL sequence was attached at the C-terminus of the Flag-tagged Wise and Dkk3, respectively. For mycLRP6YFP and its deletion variants, YFP sequence was attached at the C-terminus of each myc-LRP6 construct.
Cell culture
Human embryonic kidney 293 (HEK293) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 2 mM glutamine, and antibiotics (100 units/ml penicillin, 100 μg/ml streptomycin). Transfections were performed using Polyfect (Qiagen) following the supplier's protocol. For the production of the cell line stably expressing mycLRP6YFP ("mycLRP6YFP-293"), HEK293 cells were co-transfected with mycLRP6YFP and pcDNA3 (carrying the neomycin-resistant gene; Invitrogen) in the ratio of 3:1. Cells expressing mycLRP6YFP were selected by flow cytometry with YFP and maintained in the presence of G418 (800 μg/ml, Sigma).
For the analysis of cell extract and conditioned medium, HEK293 cells were transfected with relevant constructs in 3.5 cm diameter plates. One day after the transfection, the medium was replaced by 2 ml of Opti-MEM (Gibco-BRL) and cells were grown for 2 days. Conditioned medium was collected, filtered to eliminate any cellular residues and concentrated to a ten times solution with a Millipore's Amicon Ultra PL-10 centrifugal filter device. For the preparation of the cell extract, cells were washed twice with PBS, collected by scraping and centrifuged at 1000×g for 5 min. The pellet was resuspended in 150 μl Triton Extraction Buffer (0.5% Triton X-100, 10 mM Tris-HCl, pH 7.5, 120 mM NaCl, 25 mM KCl) supplemented with Protease Inhibitor Cocktail (Roche, 1836153) . Following 15 min of incubation on ice, the supernatant was collected by centrifugation at 10,000×g for 10 min and analyzed by Western blotting. For the preparation of Wnt3a-conditioned medium, the LWnt3a stable cell line was used (provided by Prof. R. Nusse, protocol described in http://www.stanford. edu/~rnusse/assays/W3aPurif.htm#cells). As a control, untransfected mouse L cell line was used for preparation of mock-conditioned medium.
Immunostaining
The day before transfection, cells were plated in 12 well plates on 1.5 mm thick glass coverslips. Unless stated otherwise, all procedures were performed at room temperature. Cells were fixed 36 h after the transfection with 3% cold PFA for 30 min. Fixed cells were permeated and quenched with PBS supplemented with 50 mM NH 4 Cl and 0.2% Saponin (Sigma) for 10 min. After a brief wash in PBS, cells were incubated for a further 10 min in PGAS [0.2% Fish Gelatin (Sigma), 0.02% Saponin, 0.02% NaN 3 in PBS] and for another hour with the appropriate primary antibody(s) diluted in PGAS. After three 10 min washes in PGAS, cells were incubated with secondary antibody(s) for 45 min. Cells were then washed in PGAS three times (10 min each) and briefly in PBS, and mounted on glass slides with Mowiol (Calbiochem). Immunostaining with polyclonal anti-Wise antibody required a 5 min incubation of cells with 1% SDS in PBS for antigen retrieval before permeation. The ER was visualized by transfecting pEYFP-ER (BD Biosciences). The Golgi apparatus was labeled with FITC-conjugated lectin from Lens culinaris (1:1000, Sigma). Toto-3 iodide (Molecular Probes) was used to label nuclei (1:1000). For a live staining, cells were incubated for 30 min at 4°C in the Release Medium (RM; F12 Medium, 20 mM HEPES, pH7.4, 0.2% BSA) containing antibody at the desired concentration. After the incubation, cells were washed in RM, fixed and immunostained as described above. Cells were observed under a confocal microscope (Leica).
Antibodies and Western blots
Anti-Flag (M2, Sigma) and anti-myc (polyclonal, Santa Cruz) antibodies were used to detect Flag-tagged Wise proteins and myc-tagged LRP6, respectively, at a 1:2000 dilution. Wise polyclonal antiserum was raised against a peptide CysLys-Arg-Tyr-Thr-Arg-Gln-His-Asn-Glu-Ser-Ser, which sequence is conserved in chick, mouse and human homologues. The antiserum was tested in untransfected and Flag-tagged Wise-transfected HEK293 cells both by Western blotting and immunocytochemistry. The specificity was evaluated by direct comparison using anti-Flag antibody. The antiserum detected Wise in transfected cells both in Western blots ( Supplementary Fig. 1 ) and immunocytochemistry. However, it did not work on embryonic tissues and, although Wise expression was detectable by RT-PCR in HEK293 cells (data not shown), the antiserum was not sensitive enough to detect the endogenous level of Wise protein in these cells. For Western blots, anti-GFP (A-6455, Molecular Probes), anti-β-catenin (C7207, Sigma) and anti-β-tubulin (T4026, Sigma) antibodies were used (1:1000). To strip the blotted membrane, the Re-blot Plus Strong solution (Chemicon International) was used following the manufacturer's protocol.
Luciferase reporter assay
HEK293 cells were transfected in 24 well plates with reporter DNAs along with other experimental constructs. The reporter plasmids used were: TOPflash (Upstate Biotechnology) which contains six copies of the Tcf binding site upstream of the thymidine kinase minimal promoter and firefly luciferase open reading frame; and pRL-TK (Promega) which provides the constitutive expression of Renilla luciferase under the control of the herpes simplex virus thymidine kinase promoter. For each well, 0.5 μg of plasmid DNAs including 0.04 μg of TOPflash and 0.01 μg of pRL-TK was used. The total amount of DNA was equalized by pCS2+ when required. Cells were harvested 2 days after transfection and used for the reporter analysis using the Dual Luciferase Reporter Assay System (Promega). Chemiluminescent readings were done with a single-tube luminometer (TD-20/20; Turner BioSystems). Each experiment was performed at least three times with triplicated samples. When required, conditioned media or a GSK3β inhibitor, SB216763 (Sigma) (Cross et al., 2001) , at 50 μM was applied to the cells overnight prior to readings.
Xenopus injection
Xenopus injection of capped RNA and Wise morpholino oligonucleotides was described previously (Itasaki et al., 2003) . For the experiment of Figs. 4A, 5D and 5E, indicated RNA was injected into the animal hemisphere at the 1 cell stage. The animal caps were cut at stage 8, and harvested at stage 25 (for Fig.  4A ) or stage 10 (for Figs. 5D, E) . The amount of RNA injected in Fig. 4A was: noggin, 500 pg; Wise constructs, 800 pg. In Fig. 4B , 300 pg for all constructs (injected into an animal dorsal blastomere at the 4-8 cell stages). In Fig. 4C , tBR, 1 ng; Wise, SecWise, WiseKDEL and LacZ, 200 pg (injected at the ventral vegetal marginal zone at the 8 cell stage). In Fig. 5A , control morpholino, 60 ng; Wise Morpholino, 60 ng (a 1:1 mix of 30 ng each against the two Xenopus Wise genes); Wise, SecWise or WiseKDEL RNA, 300 pg (injected into an animal dorsal blastomere at the 4-8 cell stages). Control morpholino is against the human β-globin gene, as supplied by GeneTools. In Figs. 5D and 5E, Wnt8, 100 pg; β-catenin, 50 pg; Wise constructs 200 pg or 800 pg were injected.
Biotinylation of cell surface proteins and quantitative analysis
For biotinylation experiments, HEK293 cells were plated on 6 cm plates and transfected with mycLRP6YFP or its deletion constructs, together with a control vector (pCS2+), WiseKDEL or Dkk3KDEL. Flag-tagged Drosophila Frizzled2 was also used as a control. Biotinylation of cell surface proteins was performed 36 h after transfection. All procedures here were performed on ice and using icecold solutions. Cells were washed twice in PBS and incubated for 30 min with a PBS solution containing 0.5 mg/ml Sulfo-NHS-Biotin (Pierce). Quenching was performed by washing cells twice with 50 mM NH 4 Cl in PBS followed by two more washes in PBS. The biotinylated cells were incubated with gentle shaking with 500 μl Triton Extraction Buffer (0.5% Triton X-100, 10 mM Tris-Cl, pH 7.5, 120 mM NaCl, 25 mM KCl) supplemented with Protease Inhibitor Cocktail (1836153, Roche). After 15 min, the lysate was collected and pelletted at 10,000×g for 10 min. To detect transiently transfected mycLRP6YFP, its variants or Frizzled2-Flag, the extract was immunoprecipitated using anti-GFP or anti-Flag antibody, respectively, and sepharose linked protein A (17-5280-01, Amersham). The samples so obtained were run on 5% SDS-PAGE for Western blotting. For the detection of total mycLRP6YFP, the blotted membrane was incubated with an antimyc antibody (polyclonal, Santa Cruz) and visualized with an anti-rabbit IRDye 800 (Rockland). Biotinylated proteins were detected with a Streptavidin Alexa Fluor 680 (Molecular probes). Antibody incubations were done using Li-Cor Blocking Buffer. The blot was analyzed by two-color fluorescent Western blot technique with the Odyssey Infrared Imaging System (Li-Cor Biosciences). The reading of biotinylated LRP6 (revealed in the red channel) was normalized by that of total LRP6 (revealed as two bands in the green channel) in each sample, and this value was compared with that of the control sample.
Results
Wise protein is localized in the ER as well as in the Golgi apparatus in the HEK293 cell line
In order to examine the subcellular localization ofWiseprotein, HEK293 cells were transfected with chick wild type or Flag-tagged Wise and stained immunocytochemically (Figs. 1A-D). In both cases, all transfected cells exhibited Wise in the Golgi apparatus, as expected for a secreted protein (Fig. 1D) . However, approximately 30% of the cells showed a high level of Wise also in the ER (Fig. 1C) . A similar percentage of cells transfected with mouse and human homologues of Wise also showed Wise protein in the ER ( Supplementary Fig. 2 ). Cells with a similar pattern of Wise localization were often found in clusters (Fig. 1A ). Since no difference was observed between wild-type and flag-tagged Wise (Figs. 1A, B) , the latter was used in the rest of this study. The variation of subcellular localization of Wise in HEK293 cells might be due to different amounts of expression following transient transfection, or different enzymatic activities due to the different cellular status.
We looked for a specific mechanism to explain the retention of Wise in the ER. No classical ER retention signals were identifiable in the Wise amino acid sequence. It was, however, empirically noticed that Wise protein is not abundantly collectable in the conditioned medium. Hence we hypothesized that ER retention of Wise might be, at least in part, related to the low secretion efficiency, and that the domain responsible for the ER retention might reside around the signal sequence in its amino (N)-terminal end. To test this, the N-terminal 45 amino acids of Wise, including the signal sequence, were fused with the post-cleavage part of Dkk1 (N'Wise-Dkk1). While Dkk1 is only seen in the Golgi apparatus ( 
Function of secreted and ER-retained Wise in HEK293 cells
Due to the potential ER retention of Wise as suggested above, we next investigated whether Wise functions as the ERretained form, secreted form, or both, on the Wnt pathway. In order to distinguish these two forms, we made constructs that would allow us to analyze them individually. To analyze the secreted form of Wise, we used either a conditioned medium, where applicable, or a construct made by replacing Wise's putative N-terminal signal sequence with an artificial one (SecWise, see Materials and methods). After the manipulation of the signal sequence, Wise protein was found to be secreted as expected (Figs. 2A, B) . In addition, it was seen only in the Golgi apparatus and was completely excluded from the ER (Figs. 2C,  D) . The second construct, used for revealing the function of ERretained Wise, was made by adding a constitutive ER retention signal Lys-Asp-Glu-Leu (Munro and Pelham, 1987) at the carboxyl (C)-terminus of Wise (WiseKDEL). WiseKDEL protein was successfully retained in the ER (Fig. 2E ) and was undetectable in the conditioned medium (Figs. 2A, B) . Using these constructs, we tested whether the two forms exhibited different effects on the Wnt signaling pathway.
We first tested the function of Wise, SecWise and WiseKDEL using a TOPflash reporter assay (Korinek et al., 1997) in the HEK293 cell line. Transfection of Wnt3a or Wnt1 alone activates the reporter expression (Fig. 3A) , suggesting that sufficient amounts of receptors and other factors are expressed in this cell line. Other Wnt ligands such as Wnt2A, 5A, 6, 7B and 8 did not show any significant reporter activation in this cell line (data not shown), presumably due to the lack of appropriate Frizzled receptors for these ligands. None of the Wise constructs or Wise conditioned medium induced activation on their own (Figs. 3A and data not shown), which differs from the previously reported results in Xenopus assays where Wise RNA injection was sufficient to cause phenotypes (Itasaki et al., 2003) . This is probably due to the fact that Wise exhibits its function by modifying the Wnt-dependent activation, and that Xenopus tissues endogenously express various Wnt ligands while HEK293 cells do not.
When Wnt3a or Wnt1 was co-transfected with either Wise or SecWise, Wnt3a-induced activation of the reporter was enhanced, whilst that of Wnt1 was inhibited (Fig. 3A) . Hence, the outcome of Wise and SecWise is ligand-dependent. A similar result was obtained using Wise conditioned medium (data not shown). In contrast to secreted Wise, WiseKDEL inhibited the function of both Wnt1 and Wnt3a (Fig. 3A) . To investigate the mode of action of ER-retained Wise, epistatic analysis was performed using Wnt3a, LRP6, the GSK3β inhibitor SB216763 and β-catenin. As a control for the transfection of DNA encoding an ER-retained protein, Dkk3KDEL was made by attaching the KDEL sequence to Dkk3, a secreted protein known not to affect the Wnt pathway (Mao et al., 2002; Wu et al., 2000) . While transfection of Dkk3KDEL attenuated the reporter activity mildly (10-20%) at all the cascade levels, WiseKDEL distinctly blocked the reporter at the level of Wnt3a and LRP6 (Figs. 3B, C) . A direct comparison of Dkk3 and Dkk3KDEL on Wnt3a revealed that the KDEL construct causes a mild attenuation (∼ 15%) on the reporter activation whilst Dkk3 has no effect (Fig. 3D ). Thus we regard the weak attenuation of WiseKDEL on SB216763 or β-catenin as non-specific and conclude that inhibition of WiseKDEL on the Wnt pathway occurs at the level of LRP6 or downstream of it, and upstream of GSK3β.
Context-dependent function of Wise is recapitulated by either the secreted or ER-retained form of Wise in Xenopus embryos
We next addressed whether the previously reported phenotypes caused by Wise are a result of the secreted or ER-retained form. Wise was originally isolated as a molecule that induces posterior neural markers such as en2 in neuralized Xenopus ectodermal explants (Itasaki et al., 2003) . This phenotype is due to the activation of the Wnt signaling pathway, as inhibitors of the pathway such as dominant-negative (dn-) dishevelled or dn-LEF1 block it. Activation of the Wnt pathway by Wnt ligands, dishevelled or β-catenin also induces posterior neural markers in this assay, while Wnt inhibitors such as dn-Wnt8 or Dkk1 do not. We first examined the ability of SecWise and WiseKDEL in this assay, by injecting RNA synthesized from these constructs. As shown in Fig. 4A , SecWise induced en2 more strongly than wild-type Wise. Furthermore, it induced Krox20, albeit weakly, which was not induced by the same amount of wild-type Wise RNA. This might reflect the difference in the secretion efficiency between wild-type and SecWise constructs. In contrast, Wise-KDEL did not induce any of the above posterior neural markers. This result suggests that, in the context of neuralized animal explants, SecWise retains the ability of wild-type Wise to work positively on the Wnt pathway, while WiseKDEL does not.
We next examined the function of different forms of Wise in assays that reveal inhibition of the Wnt pathway. Injection of Wnt inhibitors such as GSK3β in the ventral ectoderm induces enlarged or ectopic cement gland structures (Itoh et al., 1995) . Wild-type Wise and WiseKDEL showed this phenotype (Fig.  4B) , indicating that, in this context, they both act as Wnt inhibitors. If Wise functions only as a secreted protein, SecWise should completely mimic the effect of wild-type Wise. However, SecWise did not mimic the phenotype; instead, it caused a slight reduction in expression of the endogenous cement gland marker XCG (Fig. 4B) . The result that the secreted form of Wise fails to mimic the wild-type form suggests that, in the context of inducing ectopic cement glands, wild-type Wise exerts its function by retaining in the ER.
The inhibitory aspect of wild-type Wise was further examined using the head induction assay. This assay is based on the fact that the formation of head structures requires inhibition of the Wnt pathway (Glinka et al., 1997) . When a BMP signal inhibitor such as truncated BMP receptor IA (tBR) is injected into a ventral vegetal blastomere near the marginal zone, an incomplete secondary axis is formed without head structures (Suzuki et al., 1994) (Fig. 4C, tBR+LacZ) . Coinjection of Wnt inhibitors such as Dkk1 or dn-Wnt8 along with tBR induces a complete secondary axis with head structures such as eyes and cement glands (Glinka et al., 1998; Glinka et al., 1997) . Wise also possesses head-inducing activity in this assay (Itasaki et al., 2003) (Fig. 4C, tBR+Wise) . Embryos coinjected with tBR and WiseKDEL showed a complete secondary axis with head structures, indicative of the inhibitory function of WiseKDEL on the Wnt pathway. SecWise again failed to mimic the function of Wild-type Wise in this aspect ( Fig. 4C ; Table 1 ), suggesting that the ER-retained form of Wise, not the secreted form, mediates the inhibitory function in this context.
ER-retained form rescues the eye phenotype caused by Wise morpholino injection in Xenopus embryos
To further verify the function of the two forms of Wise, SecWise and WiseKDEL RNA were used to rescue the loss-offunction phenotypes caused by Wise morpholino antisense As a control of transfection efficiency, GFP plasmid was also transfected in each sample. The samples were run on 15% polyacrylamide gel. Note that the bands seen in the control cell extract are non-specific (see Supplementary Fig. 1 ). After detection of Wise with a polyclonal Wise antibody, the membrane was stripped and re-probed for GFP and β-tubulin (β-tub). Wise and SecWise transfected cells express Wise intracellularly at a similar level; however, the secretion efficiency is slightly higher in the latter. Cells transfected with WiseKDEL do not secrete a detectable level of Wise in the medium, although expressing Wise intracellularly at a high level. WiseKDEL protein shows a greater mobility than other Wise proteins, probably because of differences in posttranslational modifications such as glycosylation. (C-E) Fluorescent staining of cells transfected with SecWise (C, D) or WiseKDEL (E). Wise proteins are shown in the red channel. Cells were co-stained with either Golgi (C) or ER (D, E) markers (green channel) as Fig. 1 . SecWise is seen only in the Golgi apparatus (C) and is excluded from the ER (D). WiseKDEL is seen only in the ER (E). Scale bar, 20 μm.
oligonucleotides. Clear Wise morpholino phenotypes are a loss of olfactory placodes and defects in eye formation (Itasaki et al., 2003) . Olfactory placode formation is upregulated by inhibiting the Wnt pathway (Cornesse et al., 2005) , and Wise morpholino causes a loss of olfactory placodes accompanied by a partial loss of Emx2 expression in the telencephalon, likely to be due to the In co-transfection with Wnt3a, Wise and SecWise show an enhancing effect (2 and 3 in Wnt3a). WiseKDEL inhibits the Wnt3a-dependent reporter activation (4 in Wnt3a). Upon Wnt1-induced activation, all of Wise, SecWise and WiseKDEL show inhibition (2, 3 and 4 in Wnt1). (B, C) TOPflash reporters were activated by transfection of Wnt3a, LRP6 or β-catenin, or by a treatment of cells with a GSK3β inhibitor, SB216763 (SB). Cells were also transfected with either control plasmid pCS2 (1 in panels B, C), WiseKDEL (2 in panel B) or Dkk3KDEL (2 in panel C). WiseKDEL strongly represses the reporter activity of Wnt3a and LRP6, while weakly attenuates that of SB216763 or β-catenin. Dkk3KDEL weakly attenuates the reporter activity in all cases. Relative luciferase activity unit (RLU) was obtained by normalizing the reading of TOPflash luciferase activity by that of Renilla luciferase. In panel A, the control value of RLU was adjusted to 1 and all other values were normalized accordingly. In panels B and C, the control RLU of each set is adjusted to 100%, and the effect of KDEL constructs is shown as a relative percentage to it. All experiments were carried out in triplicates and error bars show the standard deviation. (D) Effect of over-expression of ER-retained protein on the TOPflash reporter assay. HEK293 cells were transfected with reporters alone (Control) or with Wnt3a, together with empty vector (pCS2), Dkk3 and Dkk3KDEL. While Dkk3 does not affect the Wnt3a-induced reporter activity, Dkk3KDEL attenuates it by ∼20%. over-activation of the Wnt pathway. Hence the endogenous function of Wise in this context appears to repress the Wnt pathway. Eye formation involves a rather complex mechanism; in addition to antagonism of the Wnt/β-catenin pathway for the specification of the eye field, cohesion of cells through the planar cell polarity (PCP) pathway is required (Cavodeassi et al., 2005) . Wise can function on the PCP pathway as well as on the Wnt/β-catenin pathway (Itasaki et al., 2003) . Moreover, over-suppression of the Wnt pathway also causes eye defects, likely to be due to defects in ventral forebrain development (van de Water et al., 2001) , thus a precise balance of the activity of the Wnt/β-catenin and Wnt/PCP pathways is required for the eye formation. The fact that the telencephalon and eye can be independently affected (van de Water et al., 2001 ) prompted us to score the olfactory placode and eye defects separately. Our results showed that the loss of olfactory placodes by Wise morpholino was rescued by either SecWise or WiseKDEL, both to a similar extent as a rescue by Wise (Figs. 5A, B) . However, with regard to the eye phenotype, only WiseKDEL was able to rescue to a similar extent as Wise, while SecWise showed only a weak rescue (Figs. 5A, C) . One possible explanation for the difference between SecWise and WiseK-DEL is the different efficacy of these forms on Wnt inhibition. SecWise induces en2 more strongly than Wise and it also weakly induces a more posterior marker, Krox20. WiseKDEL does not induce en2 or Krox20. (B) Whole mount Xenopus embryos at stages 15-16, in situ stained with a cement gland marker XCG, front view, after injection of indicated RNA into the animal dorsal blastomere. Wise causes expansion of the cement gland as reported previously (Itasaki et al., 2003) . SecWise inhibits the endogenous XCG expression. Similar to wild-type Wise, WiseKDEL either expands endogenous cement gland or induces ectopic cement glands. (C) Head induction assay in Xenopus embryos. Truncated BMP receptor IA (tBR) induces a secondary axis without head structures (arrowheads in "tBR + LacZ"). Coinjection of tBR and wild-type Wise induces head structures such as eyes and the cement gland on the secondary axis (arrows in "tBR + Wise"). SecWise does not induce head structures (arrowheads in "tBR + SecWise"), while WiseKDEL does (arrows in "tBR + WiseKDEL"). Some embryos injected with LacZ or tBR + WiseKDEL were processed for in situ hybridization for a cement gland marker XCG. Embryos injected with tBR plus WiseKDEL show induction of the cement gland on the secondary axis (arrow in the right-bottom picture). The statistic analysis of this experiment is shown in Table 1 . The data are the total of three independent injections, except tBR + Dkk1 and tBR + Wnt8 which are from a single experiment. a Cement gland, eye or both.
Alternatively, SecWise may block eye formation via activation of the Wnt/β-catenin pathway or by interfering with the PCP pathway. We noticed that injection of SecWise RNA causes gastrulation defects more frequently and severely than Wise or WiseKDEL (Table 1 and data not shown), suggesting that SecWise may interfere with the PCP pathway thus causing eye defects. In either case, as the same amounts of Wise RNA and WiseKDEL RNA were able to rescue phenotypes to a similar degree, WiseKDEL appears to reflect Wise function better than SecWise in the head region. We further addressed the Wnt-inhibitory effect of Wise using molecular markers. RNA of Wise constructs were injected into animal blastomeres with Wnt8, which alone induces β-catenin direct target genes siamois and Xnr3 in animal cap explants. It was previously shown that Wise blocks induction of these genes by competing with Wnt8 extracellularly (Itasaki et al., 2003) . All of Wise, SecWise and WiseKDEL RNA attenuated induction of β-catenin target genes by Wnt8, with SecWise showing the strongest inhibition (Fig. 5D) . Activation of siamois and Xnr3 by β-catenin was not obviously affected by any of the Wise constructs (Fig. 5E) .
Altogether, these results strongly suggest that, in some in vivo contexts, Wise exerts its inhibitory function on the Wnt pathway as the ER-retained form. It is also confirmed by the epistatic analyses that both SecWise and WiseKDEL function at the level of LRP6 or downstream of it, and upstream of GSK3β and β-catenin.
ER-retained Wise decreases LRP6 on the cell surface
We next investigated the possible mechanism by which ERretained Wise functions on the Wnt pathway. Since Wise interacts with LRP6 (Itasaki et al., 2003) , and the presentation of LRP6 on the cell surface is a dynamically regulated process (Hsieh et al., 2003; Mao et al., 2002; Yamamoto et al., 2006) , we tested whether ER-retained Wise affects the subcellular localization of LRP6. HEK293 cells endogenously express both LRP5 and 6, as revealed by RT-PCR (data not shown). In order to specifically detect extracellularly presented and intracellularly retained forms, LRP6 was epitope-tagged on both extracellular and intracellular ends with myc and YFP, respectively (mycLRP6YFP). Using live staining, without permeating the cell membrane, anti-myc antibodies detect only cell surface LRP6. In contrast, YFP natural fluorescence shows total LRP6 protein independent of its subcellular localization. When transfected stably to HEK293 cells (mycLRP6YFP-293), mycLRP6YFP protein was detected both on the cell surface and in the intracellular space (Fig.  6A) . This was also the case when mycLRP6YFP was transiently transfected (Fig. 7A ). This differs from COS cells which do not express LRP6 on the cell surface unless MESD is exogenously transfected (Hsieh et al., 2003) .
When WiseKDEL was transfected to the mycLRP6YFP-293 cell line, live staining with anti-myc antibody revealed a reduced amount of LRP6 on the cell surface specifically in those expressing the construct (Figs. 6B, D) . Confocal microscopy images showed co-localization of LRP6 and WiseKDEL (Fig.  6D) , suggesting that LRP6 becomes localized mainly in the ER. Transfection of wild-type Wise also caused a reduction of LRP6 on the cell surface of those cells displaying Wise in the ER (Fig.  6C) . Hence ER-retained Wise appears to inhibit presentation of LRP6 on the cell surface. The specificity of the effect of WiseKDEL on LRP6 was examined using two similarly tagged LRP6 constructs with deletions of EGF repeats 1-2 or 3-4 (mycΔE1-2YFP or myc-ΔE3-4YFP, respectively). In vitro experiments showed that Wise binds to both full length LRP6 and LRP6ΔE3-4, but not to LRP6ΔE1-2 (Itasaki et al., 2003) . Both deletion mutants were readily presented on the cell surface of HEK293 cells similar to full length LRP6 (Figs. 7C, E) . In co-transfection with WiseKDEL, however, cell surface presentation of mycΔE3-4YFP was blocked while that of mycΔE1-2YFP was not affected (Figs. 7D, F) . This result suggests that Wise specifically blocks presentation of LRP6 on the cell surface by a mechanism involving a direct interaction between Wise and LRP6.
We further investigated the subcellular distribution of LRP6 in a quantitative manner, by labeling the cell surface-presented proteins by biotinylation, followed by LRP6 immunoprecipitation and Western blotting detecting biotinylated and total LRP6 (see Experimental Procedure). Indeed, expression of WiseK-DEL decreased the cell surface-presentation of LRP6 of either full length or ΔE3-4 strongly (∼80%), but only mildly affected that of ΔE1-2 (∼ 15%) (Fig. 8A) . Transfection of the control construct Dkk3KDEL showed only a mild effect on LRP6 (Fig.  8A) . Furthermore, WiseKDEL did not affect the cell-surface presentation of Drosophila Frizzled2 (Fig. 8B) , a receptor protein that does not interact with Wise. These results show that ER-retained Wise specifically inhibits presentation of LRP6 to the cell surface.
ER-retained Wise reduces cells' susceptibility to Wnt signals
Since ER-retained Wise reduces available LRP6 on the cell surface, we investigated whether it affects susceptibility of cells to Wnt signals or not. The immediate-early cellular response to the Wnt3a medium was measured by detecting the amount of endogenous cytoplasmic β-catenin, the stabilization of which is the direct consequence of Wnt/β-catenin signaling. When HEK293 cells were treated with Wnt3a for 1 h, a substantial increase in cytoplasmic β-catenin was observed (Fig. 8C) . WiseKDEL transfection prior to the Wnt3a treatment resulted in a lesser amount of β-catenin in the cytoplasmic fraction, in comparison to control or Dkk3KDEL transfection (Fig. 8C) . Hence WiseKDEL reduces the cell's susceptibility to the extracellular Wnt signal.
Discussion
The Wnt signaling pathway is tightly regulated at various levels, both extracellularly and intracellularly. This study presents the mechanism by which ER-retained Wise modulates the Wnt pathway and, more importantly, reveals that the susceptibility of cells to Wnt signals can be regulated at the level of LRP6 by altering its availability to Wnt ligands.
Retention versus secretion
The mechanism by which Wise is retained in the ER remains unclear. Typical ER retention/retrieval signal sequences, such as KDEL or its variants at the C-terminal end (Andres et al., 1991; Munro and Pelham, 1987) , do not apply to the Wise sequence. Instead, the N-terminal end of the sequence, including the signal sequence for secretion, appears to be responsible for the ER retention ( Figs. 1 and 2) , hence, the inefficiency in Wise secretion might relate to the balance of secretion versus retention. Studies on the function of secretory signal sequences revealed an unexpected variation in secretion efficacy depending on molecules involved and the cellular context, and that a substantial amount of protein remains in the cell despite its signal sequence due to inefficient secretion (Higy et al., 2004; Levine et al., 2005; Martoglio and Dobberstein, 1998) . The factors affecting secretion include the individual signal sequence, the mature domain that immediately follows the signal sequence, glycosylation, cell types and metabolic activities of cells (Levine et al., 2005) . The "inefficiency" seems to have a physiological or pathological relevance; for example, the protein that fails to be secreted may function in intracellular compartments (Levine et al., 2005; . Thus, evidence is emerging to support the idea that proteins with secretory signal sequences are able to function intracellularly as well as extracellularly. Moreover, while cleavage of most signal sequences is believed to occur cotranslationally, some proteins specifically show delays in cleavage that result in the signal sequence functioning as a membrane-anchor, allowing the protein to be retained in the ER (Li et al., 1994; Martoglio and Dobberstein, 1998; . Either inefficient cleavage or a cleavage failure of the Wise signal sequence may be responsible for its ER-retention. The ER-retention might also occur in conjunction with the physical interaction with other ER-resident proteins. 
ER-retained Wise influences subcellular dynamics of LRP6
Presentation of LRP6 on the cell surface is regulated by various mechanisms. LRP6 undergoes internalization together with a secreted Wnt inhibitor Dkk1 and another transmembrane protein Kremen (Mao et al., 2002) . Thus cells exposed to Dkk1 have less LRP6 available on the cell surface to transduce Wnt signals. Another mechanism involves MESD, an ER-resident protein that facilitates LRP6 to be transported to the cell surface (Hsieh et al., 2003) . The function of Wise differs from these: Wise appears to retain LRP6 in the ER thus preventing it from trafficking to the cell surface. This process is likely to involve direct binding of Wise to LRP6, since a deletion construct LRP6ΔE1-2, to which Wise does not bind, was successfully presented on the cell surface in the presence of WiseKDEL (Fig.  7D) . Therefore a possible mechanism is that ER-retained Wise traps LRP6 intracellularly by its direct binding.
The ER functions to ensure that only correctly folded proteins are allowed to proceed to the Golgi apparatus for secretion. Misfolded proteins are normally disposed by dislocation to cytosol and degraded otherwise accumulate in the ER and become toxic for the cell. Although we did not detect any large aggregate of Wise in Western blotting of cell extracts run in non-reducing conditions ( Supplementary Fig. 3 ), there remains a concern that the ER retention of Wise seen in HEK293 cells in this study may be due to the exogenous expression of Wise constructs. Over-expression may cause saturation of endogenous factors required for proper processing or modification of proteins. To support physiological function of WiseKDEL, we have shown that (1) some of phenotypes caused by Wise RNA injection in Xenopus embryos are mimicked by WiseKDEL RNA and not by SecWise and (2) some of Wise loss-of-function phenotypes are rescued more effectively by WiseKDEL than by secWise. Moreover, we have shown that over-expression of WiseKDEL does not interfere with the processing of LRP6ΔE1-2 to the cell surface, and that Dkk3KDEL does not interfere with the processing of LRP6, suggesting that functions of chaperons and other ER-retaining factors required for processing LRP6 are not affected after transfection of KDEL constructs in this assay.
Function of secreted Wise varies depending on the type of Wnt ligand
Our data showed that the effect of secreted Wise on Wnt signaling differs depending on the individual Wnt ligand. It has been shown that Wise binds LRP6 at the same domain as the Wnt ligand and interferes with Wnt8-LRP6 binding (Itasaki et al., 2003) . Indeed, in Xenopus animal cap explants, the secreted form of Wise inhibits the Wnt8-induced upregulation of target genes (Fig. 5D ). One possible mechanism for the ligand dependency is the different affinity of Wnt and Wise to LRP6, such that some ligands are competed by Wise while other ligands are not. In the case where competition is not happening, synergistic binding of Wise and Wnt ligand on LRP6 could explain the enhancement effect. Alternatively, secreted Wise might indirectly influence the sensitivity of cells to Wnt signals by affecting the turnover of LRP6. Further studies are required to elucidate the molecular mechanism by which the secreted form of Wise modulates the Wnt pathway.
Possible modes of action of Wise in vivo
During embryogenesis, Wise is expressed in multiple tissues where Wnt pathway activity is important for development (Beaudoin et al., 2005; Itasaki et al., 2003; Laurikkala et al., 2003; O'Shaughnessy et al., 2004; Yanagita et al., 2004) . Experiments in Xenopus embryos support the idea that Wise functions by either the secreted or ER-retained forms depending on the context, yet it remains unknown whether endogenously expressed Wise localizes in the ER or not. We hypothesize the following possible ways in which Wise might work in vivo as a modulator of the Wnt pathway. One is that cells transcribing Wise produce both secreted and ER-retained Wise; Wise would inhibit Wnt signals in a cell-autonomous manner, and secreted Wise would function in a cell non-autonomous way. The second possibility is that the secretion versus retention of Wise is tightly regulated depending on the cellular context; in some tissues, Wise may be expressed as a secreted protein while in others only as an ER-resident protein. It is also possible that only one of the forms is effectively expressed and functioning in vivo. These studies await the production of antibodies that would detect endogenous Wise protein.
